RNA silencing functions as an anti-viral defence in plants through the action of DICER-like 25 (DCL) and ARGONAUTE (AGO) proteins. However, there are few known examples of 26 functional variation in RNA silencing components. The AGO2 protein is important for antiviral 27 defense against multiple viruses and has been shown to be a major limiting factor to infection 28 by potato virus X (PVX) of Arabidopsis thaliana but not Nicotiana benthamiana. We show that 29 the AGO2 proteins from these two plants have differential activity against PVX, suggesting that 30 variation in AGO2 is important in plant-virus interactions. Consistent with this, we find that the 31 Arabidopsis thaliana AGO2 gene shows a high incidence of polymorphisms between 32 accessions, with evidence of selective pressure. AGO2 protein variants can be assigned to two 33 groups, in near equal frequency, based on an amino acid change and small deletions in the 34 protein N-terminus. Inoculation of a large number of Arabidopsis accessions shows strong 35 correlation between these alleles and resistance or susceptibility to PVX. These observations 36 were validated using genetic and transgenic complementation analysis, which showed that one 37 type of AGO2 variant is specifically affected in its antiviral activity, without interfering with other 38 AGO2-associated functions such as anti-bacterial resistance or DNA methylation. Our results 39 demonstrate a novel type of genetically-encoded virus resistance and suggest that plant-virus 40 interactions have influenced natural variation in RNA silencing components. 41 42 43 44
Introduction

45
RNA silencing is a conserved gene regulatory mechanism that is also employ by plants 46 to counteract virus infection 1 . Virus double-stranded RNA (dsRNAs), produced during the 47 compromise stability or accumulation of different AGO proteins 7, 15, 16 . To monitor whether the 91 presence of P25 affects NbAGO2, we used a mutant version of PVX, PVX-GFPTGB, which 92 lacks P25. In contrast to WT PVX, both AGO2 proteins significantly reduced the accumulation 93 of virus-derived GFP from PVX-GFPTGB (Fig. 1c, 1d ). We also noticed that AtAGO2 and 94 NbAGO2 accumulated at similar levels when co-expressed with PVXTGB ( Fig. 1d) , 95 suggesting that P25 may affect the two different AGO2 proteins differently. Consistent with this, 96 expression of AGO2 proteins with P25 alone reduced NbAGO2 accumulation, but not AtAGO2 97 ( Fig. 1e ). Taken together, these results suggest that P25 VSR activity is at least partially 98 responsible for the differential efficiency in targeting PVX observed between these two AGO2 99 proteins. benthamiana leaves were agroinfiltrated with 103 PVX-GFP WT a or TGB c along with 35S:HA-104
AtAGO2, 35S:HA-NbAGO2 or empty vector 105 (EV). Leaves were photographed under UV 106 illumination at 4 days post infiltration (dpi). b and 107 d, Total protein extracts were prepared from N. 108
benthamiana leaves agroinfiltrated as in a and 109 c at 4 dpi and subjected to SDS-PAGE, followed 110 by anti-GFP immunoblotting (top panel always correlated with the presence of a glycine at residue 33 ( Fig. 2b, Supplementary Fig. 1a ). 150 Given this strong correlation, we refer to AGO2 alleles encoding 33D as Col-0-like and those 151 encoding 33G plus a GR deletion as C24-like, although C24 AGO2 possesses 2 additional 152 SNPs, resulting in amino acid changes A110D and T131S, as well as an insertion of a valine 153 at residue 134. individual differences were present at high prevalence. In the set of 80 Eurasian Arabidopsis 167 accessions investigated, Col-0-like and C24-like alleles are present at a frequency of 50% and 168 43.75%, respectively ( Fig. 2d ) and both alleles are found in all eight sub-populations 169 ( Supplementary Fig. 1a ). Likewise, a phylogenetic analysis of AGO2 sequences failed to show 170 geographic clustering, although such analysis was largely inconclusive, due to low bootstrap 171 values ( Supplementary Fig. 3 ). Only three variants with a full GR motif plus G33 and only two 172 variants with a GR deletion plus D33 were identified, which we refer to collectively as rare AGO2 173 alleles ( Fig. 2d and Supplementary Fig. 1a ). Interestingly, the presence of an aspartic acid at 174 the equivalent of residue 33 of AGO2 appears to be the exception in the Brassicaceae family, 175 with other species investigated encoding a glycine at the equivalent residue (Supplementary 176 Fig. 1b ).
177
C24-like AGO2 alleles are strongly associated with systemic infection by PVX in 178
Arabidopsis. 179 To test whether sequence variation observed in AGO2 might influence antiviral activity, 180 we inoculated 63 accessions from the eight different populations with PVX. Susceptibility or 181 resistance was scored based on the detection of PVX CP in systemic tissues (i.e. non-182 inoculated upper leaves) by immune blotting. We observed that, unlike Col-0, multiple 183 accessions were susceptible to PVX and that resistance or susceptibility did not correlate with 184 geographic origin ( Fig. 3a ; Supplementary Fig. 2 and 3 ; Supplementary Table 1 ). However, we 185 found that 27 out of 30 tested accessions possessing a Col-0-like AGO2 were resistant to PVX 186 ( Fig. 3 ; Supplementary Table 1 ). Conversely, 24 out of 31 tested accessions having either a 187 C24-like or a rare AGO2 allele were susceptible to PVX ( Fig. 3 ; Supplementary Table 1 ). The 188 JAX1 gene has been shown previously to confer broad-spectrum resistance to potexviruses 189 and its presence varies between Arabidopsis accessions 19 . We thus determined the JAX1 190 status (+/-) in all accessions tested ( Fig. 3 ; Supplementary Table 1 ). After doing so, we found 191 that all PVX-resistant accessions with a C24-like AGO2 allele, except Copac-1, also possessed 192 a functional JAX1 gene ( Fig. 3 ). Together, these results indicate that variability in AGO2 193 sequence is strongly associated with susceptibility to PVX in Arabidopsis. accessions that do not fit the expected correlation. Accessions were also genotyped in silico for the 202 presence or absence (+/-) of a functional JAX1 allele. Note that less protein sample was loaded into 203 wells for C24, Stepn-2 and Bolin-1 due to the strong accumulation of PVX in these accessions. b, 204
Compilation of results obtained for all JAX (-) accessions tested as in a, wherein the percentage of 205 ecotypes are grouped by resistance or susceptibility to PVX and by the presence of either a Col-0-like 206 or C24-like allele. The Pearson's r-coefficient is 0.9958207 and falls within a 95% confidence interval. 207 Validation of the effect of different AGO2 alleles and susceptibility to PVX in reciprocal 208 inbred lines 209 Although we observed a strong association between AGO2 alleles and PVX 210 susceptibility, we cannot rule out that polymorphisms in other genes might contribute to the 211 observed phenotypes due to the high level of genetic diversity between the accessions tested 18 . 212 We thus took advantage of previously described reciprocal introgression lines (RILs). These 213 lines were derived by crossing Col-0 and C24, followed by iterative backcrossing to the parental 214 genotypes and selfing, resulting in lines with a majority of one parental genotype, with small 215 genomic regions derived from the other 20 . From this collection, we selected RILs wherein the 216 AGO2 alleles were exchanged between accessions, as well as control lines wherein genomic 217 regions adjacent to, but not including AGO2, were exchanged ( Fig. 4a and Supplementary 218 Table 3 ). RILs used in this study are depicted in Figure 4a and the origin of the AGO2 allele 219 was verified for each line by PCR ( Supplementary Fig. 4a ). We then assessed these lines for 220 susceptibility to PVX. In agreement with our previous report 8 , no PVX was detected in the 221 systemic tissues of Col-0, but was detected in more than half of the ago2-1 mutant plants tested 222 ( Fig. 4b and Supplementary Fig. 4b ). Similarly, PVX was not detected in systemic tissues of 223 control RILs N35, N62 and N66, which have both Col-0 background and the Col-0 AGO2 allele.
224
However, PVX was detected in systemic leaves of more than half of infected plants from N37 225 and N55 lines wherein the C24 AGO2 allele has been introgressed into a Col-0 background 226 ( Fig. 4b ). Conversely, introgression of the Col-0-like AGO2 allele into the C24 background (RIL 227 M39) resulted in resistance to PVX similar to Col-0 plants ( Fig. 4b and Supplementary Fig. 4b ).
228
A Pearson's r-coefficient test showed a statistically significant positive correlation between the 229 AGO2 allele of the plant and its accumulation of PVX in systemic leaves (Fig. 4c ). results obtained for all replicates tested as in b (related to Supplementary Fig. 2b ). The use of RILs between Col-0 and C24 accessions allows us to test the involvement of 248 AGO2 alleles in virus resistance in the absence of potentially confounding effects of transgenes.
249
At the same time however, several genes in this region of chromosome I display polymorphisms 250 including AGO3. Phylogenetically, AGO3 is the closest homologue to AGO2 however, except 251 against BaMV, AGO3 has not been found to be involved in virus resistance 8, 15, 16, 21, 22 , but rather 252 appears to play a role in DNA methylation 23 . Moreover, although C24 AGO3 possesses some 253 polymorphisms, in silico analysis revealed that these polymorphisms are also found in resistant 254 accessions ( Supplementary Table 3 ) precluding its implication in PVX susceptibility phenotype. Supplementary Fig. 4c ) thus precluding a role for SA in the observed phenotypes. Moreover, 262 the differential susceptibility cannot be attributed to differential AGO2 expression as both 263 accessions display similar AGO2 protein accumulation in systemic leaves upon inoculation with 264 PVX (Fig. 4d ). These results further validate the involvement of AGO2 polymorphism as a major 265 determinant of resistance of to PVX in Arabidopsis.
266
C24 AGO2 is not a null allele 267 In Arabidopsis, AGO2 has also been implicated in antibacterial defense responses, 268 presumably through its binding to endogenous miRNAs, as well as in the methylation of some 269 DNA loci 26, 27 . Aside from the differences found in the N-terminus outlined above, the C24 AGO2 270 protein does not differ from Col-0 in any of the well-characterized functional AGO domains. To 271 determine whether C24 AGO2 is still efficient in non virus-related functions, we inoculated RILs 272 with virulent Pseudomonas syringae pv. tomato (Pto). In Col-0 background lines in which C24 273 AGO2 has been introgressed, namely N37 and N55, Pto grew at titres similar to WT and at 274 significantly lower titers compared to ago2-1 (Col-0 background) mutant plants (Fig. 5a ).
275
Likewise, introgression of Col-0 AGO2 into C24 had no significant effect on bacterial growth 276 compared to WT C24 (Fig. 5a ). This suggests that C24 AGO2 polymorphisms do not 277 compromise the function of this protein in response to bacterial infection. Furthermore, we 278 observed that Pst infection induces AGO2 expression at similar level in both accessions ( Fig.   279 5b), consistent with previous reports 26 . 280 A previous study has reported that DNA methylation and gene silencing of the psORF 5c). As expected, a similar test showed greater amplification of ATSN1, a signature locus for 289 AGO4-dependent methylation, in the ago4 mutant ( Fig. 5c ). At the same time, RT-PCR 290 analysis showed that psORF and AT1TE93275 could be amplified only from RNA extracted 291 from the ago2-1 mutant and ATSN1 showed significant amplification only in the ago4-2 mutant 292 (Fig. 5d ). These results are highly consistent with previous reports 27 and indicate that both the 293 Col-0 and the C24 AGO2 proteins are functional for AGO2-dependent methylation and its 294 associated repression of a transposable element. Taken together, these results suggest that a 295 complete GR motif and D33 of the Col-0 AGO2 protein are required for optimal antiviral defense 296 but appear to be dispensable for regulating endogenous transcripts and methylation-related McrBC and subjected to PCR with primers to the indicated loci. d, RNA from the indicated 308 genotypes was isolated and subjected to RT-PCR using primers to the indicated loci.
310
Manual alignment of NbAGO2 and AtAGO2 proteins shows that NbAGO2 encodes a 312 glycine at the position equivalent to G33 of C24-AGO2 ( Supplementary Fig. 5 ). Because
313
NbAGO2 was found to be efficiently antiviral only against a VSR-deficient version of PVX ( Fig.   314 1), we verified whether it behaved similarly to C24 AGO2 in a transient overexpression assay. 315 Indeed, in transient assays, C24 AGO2 is as efficient as Col-0 AGO2 at restricting PVX-316 GFPΔTGB but is somewhat less efficient against WT PVX-GFP ( Supplementary Fig. 6a, 6b , 317 6c, 6d). This effect was also seen with other Col-0-like and C24-like AGO2 alleles, Yeg-1 and 318 Bolin-1, respectively ( Supplementary Fig. 6e, 6f, 6g, 6h) . The difference between 35S-driven 319 transient expression C24 vs. Col-0 AGO2 is not as dramatic as the difference seen with 320 NbAGO2. However, expressing the different AGO2 variants under the native NbAGO2 321 promoter enhance the differential activity of these proteins against WT PVX (Fig. 6a, 6b ) as 322 well as against PlAMV-GFP, another Potexvirus ( Supplementary Fig. 7a, 7b ).
323
To verify whether this differential antiviral activity between Col-0-AGO2 and C24-AGO2 324 is biologically relevant in whole plants, we created C24 transgenic lines expressing Col-0-AGO2 325 or C24-AGO2 under the control of the 35S promoter. AGO2 transgene expression was then 326 monitored by qRT-PCR as, despite being under the control of a strong promoter, both proteins 327 were undetectable by immune blotting analysis (data not shown). Lines with similar AGO2 328 expression levels (C24 C24 #2 and C24 Col-0 #2) were analyzed by immune blotting to verify their 329 susceptibility to PVX (Fig. 6c, 6d) . At 21 dpi, PVX was not detected in systemic leaves of C24 Col-330 0 lines, whereas C24 C24 #2 showed similar accumulation of PVX compared to that of C24 WT.
331
In addition, the C24 C24 #7 line, expressing almost 20X more AGO2 than in C24 WT, remains 332 susceptible to PVX as determined by immunoblotting (Fig. 6c, 6d) . These results suggest that 333 polymorphisms found in C24-AGO2 compromised its antiviral activity, and that AGO2 334 expression levels are not responsible for these differences. Combined with the RILs analysis, 335 these results validate our conclusion that differences in AGO2 proteins are a major genetic 355 Although the widely used Arabidopsis Col-0 accession is resistant to systemic PVX infection, 356 we find that a large number of natural accessions are susceptible (Fig. 3) . There are many 357 potential barriers to compatible interactions between plants and viruses. However, our findings 358 are consistent with studies showing that Arabidopsis encodes the necessary components to 359 support Potexvirus replication 8, 28, 29 and that abrogation of the RNA silencing machinery is 360 sufficient to render Col-0 an effective host for PVX 8, 15, 19, 30 . Combined with our findings that 361 differential effectiveness of versions of AGO2 from different species and accessions, this proteins [34] [35] [36] . The AGO2 coding region has 50 times more non-synonymous SNPs than the 369 AGO1 coding region ( Fig. 2a; Supplementary Table 1 and 2) . This suggests that AGO2 has 370 been subjected to strong selective pressure for diversification. Such selection would be 371 consistent with a study in Drosophila, showing that genes related to antiviral RNAi evolve at a 372 significantly faster rate than paralogous genes implicated in housekeeping RNAi functions 373 (miRNA pathway) 37 . Likewise, it has been proposed that viruses have driven close to 30% of 374 all adaptive amino acid changes in mammals, making them dominant drivers of protein 375 adaptation 38 . Importantly, in our analysis, we found no polymorphisms in residues predicted to 376 be important for sRNA loading and maturation, RNA binding, AGO hook or catalytic functions 11 . 377 Although variation has been observed throughout the coding sequence of AGO2, the only 378 residue found to be under positive selection was in the extreme N-terminus, outside of 379 conserved catalytic domains (Fig. 2) , similar to what was observed in mammal RNAi-related 380 proteins 37 . Consistent with the retention of core AGO function (Fig. 5 ) of C24 AGO2, this 381 suggests that polymorphisms may have been selected for due to interactions with viruses.
Susceptibility to PVX is common in Arabidopsis thaliana
382
Indeed, all plant viruses are thought to encode at least one VSR, some of which interact directly 383 with RNAi proteins, including AGOs, and thus host antiviral RNAi components must rapidly 384 adapt to win the molecular arms race against viruses 37,39 . At the same time, VSRs must evolve 385 to overcome the RNA silencing machineries of their hosts, which may explain why PVX P25 386 affects NbAGO2, having evolved with Solanaceous hosts, but not AtAGO2 (Fig. 1) .
387
Our analysis also underlines the usefulness of the PVX-Arabidopsis pathosystem for dissecting 388 the multifactorial nature of virus resistance in plants. Three out of forty-seven JAX1 (-) 389 accessions possess Col-0-like AGO2 alleles, but were susceptible to PVX, whereas one C24-390 like accession was not infected by PVX ( Fig. 3, Supplementary Table 1 ). Likewise accessions 391
Stepn-2 and Bolin-1 are hypersusceptible to PVX (Fig. 3a) . These examples suggest that there 392 are likely additional genetic factors that contribute to susceptibility and resistance to PVX (and 393 potentially other viruses) beyond that provided by AGO2 variants.
394
Both Col-0-like and C24-like alleles have remained prevalent in Eurasian populations at near 395 equal frequencies (Fig. 2) . Balancing selection on alleles conferring differing degrees of disease 396 resistance is thought to occur because of trade-offs between fitness and defense under differing 397 environmental conditions 40, 41 . Indeed, Col-0-like AGO2 variants may confer greater virus 398 resistance but have a negative effect on plant fitness. Alternatively, it is possible that C24-like 399 AGO2 alleles are more functional against other naturally-occurring viruses in Arabidopsis or 400 that it confers some other fitness advantage unrelated to its role in antiviral defense. Such 401 conservation of a non-functional allele of a gene involved in antiviral silencing has been 402 described for the RDR1 gene in N. benthamiana 13 wherein a functional antiviral allele negatively 403 impacts early vigor in N. benthamiana 13 . Likewise, it could be speculated the frequent 404 occurrence of non-functional JAX1 alleles 19 (Fig. 3, Supplementary Table 1 ) may be due to a 405 fitness penalty for this type of resistance to potexviruses. However, AGO2 differs from these 406 examples in that the C24-like variants retain most of their inherent activities (Fig. 5 ).
407
Interestingly, it has been reported that AGO2 has undergone positive selection in tomato during 408 the domestication process 42 , although what function has been selected for is unclear.
409
The most frequent polymorphisms in the AGO2 coding sequence, GR and D33G, are both 410 found in a region of the protein identified as Block 43, (Fig. 2b, Fig. 3 ) 43 . This motif is present 411 in different copy numbers in different AGO proteins from animal and plant species and, although 412 well conserved, its function is unknown 43 . It is of notable that in nearly all cases these two 413 polymorphisms are either both absent or both present (Fig. 2 ), suggesting that their pairing may 414 have some functional significance. Indeed, many C24-like variants have different GR deletions, 415 suggesting that they may have arisen independently ( Supplementary Fig. 3 ), possibly to 416 compensate for a loss of function due to having an aspartate at residue 33. Such a recurrent 417 selection for alleles non-functional for disease resistance would be similar to selection at certain 418 NLR loci, such as RPM1, where multiple loss of function alleles have been selected for over 419 evolutionary time 44, 45 .
420
Among Arabidopsis AGO proteins, AGO1, 2, 3, 5 and 10 encode multiple B43 motifs 43 . In 421 numerous animal systems and more recently in Arabidopsis, arginine residue within this block 422 have been shown to be methylated by PMRT 46-51 . In Arabidopsis, bacterial infection results in 423 a reduction in expression of PMRT5, which in turn reduces arginine methylation of AGO2, 424 leading to stabilization of the protein and miRNA loading 51 . Consistent with this, we also 425 observe greater accumulation of AGO2 in both Col-0 and C24 during bacterial infection (Fig.   426 5b). Col-0-like AGO2 proteins possess more GR repeats than C24-like AGO2 proteins, which 427 could potentially be modified by PMRT5 activity. However, since both Col-0 and C24 appear to 428 accumulate to similar levels (Fig. 4, Fig. 5, Fig. 6 ), and because both AGO2 proteins have 429 similar functions in antibacterial defense and DNA methylation (Fig. 4) , we deem it unlikely that 430 these polymorphisms impair protein stability or sRNA loading. Alternatively, we suggest that 431 the differences may prevent the P25 VSR activity from inhibiting Col-0-AGO2, although this will 432 require further study.
433
Conclusion 434 We demonstrate that natural variation in a core RNA silencing protein, between and within 435 species, is a major factor determining susceptibility to PVX. These results have important and Arabidopsis wild accessions (CS76427) were obtained from the ABRC stock center. The 445 ago2-1 mutant in Col-0 background has been described elsewhere 52 . RILs between Col-0 and 446 C24 were kindly provided by R.C. Meyer and have been described previously 20 .
447
Plasmid construction and transient expression 448 The NbAGO2 ORF was cloned using cDNA derived from TBSV infected N. benthamiana leaves 449 using primers listed in Supplementary Table 4 . For the generation of different Arabidopsis 450 AGO2 expression clones, cDNA (Fig. 1) and gDNAs ( Fig. 6, Supplementary Fig. 6 and 451 Supplementary Fig. 7 ) of the appropriate accessions were used as templates for PCR 452 amplification with primers listed in Supplementary Table 4 . PCR products were purified and were amplified from genomic DNA with primers listed in Supplementary Table 4 . PCR products 460 were purified and cloned into the pGEM-T easy vector (Promega) and subcloned into the 461 Acc65I and XbaI sites sites of pBIN61 to replace the 35S promoter. Agrobacterium-mediated 462 transient expression (agroinfiltration) assays in N. benthamiana were performed as previously 463 described 15 .
464
Virus inoculation 465
Infections of three-week-old Arabidopsis thaliana plants were carried out by rub inoculation as 466 previously described 15 . Briefly, saps were produced with PVX-infected N. benthamiana plant 467 material. Infected material was ground in 0.1 M phosphate buffer, pH 7.0 (2 mL/g of infected 468 tissue). Mock inoculations were performed with sap produced with uninfected N. benthamiana 469 plants (2 mL/g of healthy tissues).
470
Protein extraction and analysis 471 Protein extraction and analysis was carried out as previously described 15 . Proteins were 472 detected by immune blotting using anti-HA-horseradish peroxidase conjugated (HRP)
